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Abstract This work covers heat pump drying of protein
with high quality and low cost. It consists of atmospheric
freeze drying to keep product quality followed by evapo-
ration to reduce time. A sweep numerical method was
applied to predict the mass transport from the porous par-
ticle to gas. The maximum deviation between predictions
and mass transfer data was below 4% indicating that the
method well describes mass transport during protein
drying.
1 Introduction
High temperature drying has limitation to process heat
sensitive pharmaceuticals while keeping pre-specified
quality, properties and active compounds. The drawbacks
of low temperature and vacuum drying are long residence
time and high energy use. Consequently, some of the
challenges in the pharmaceutical industry are processing
time, cost, energy, product quality and properties [1, 2].
A potential emerging technology for sensitive protein
particles is the two-stage fluidized bed heat pump dryer
operating with phase change by moisture removal by
sublimation followed by evaporation. It operates in two-
stage starting with freeze drying for gentle handling of the
protein finishing with non-freeze drying to speed up the
water removal rate and shorten the overall time. Therefore,
the next sections provide a brief description of fluidized
bed and drying below and above the protein freeze point.
1.1 Fluidization technology
Fluidization is applied for suspending wet particles with
size-diameter \8 mm without requiring mechanical agita-
tion thus reducing maintenance costs [3]. The advantage of
fluidization is high external rates of transport due to good
mixing, large surface and full contact between gas and
particles. This aspect prevails more in the initial drying
period and less in the falling rate drying period that is con-
trolled by internal transport resistance [4]. The second
benefit is adjustable production in batch or continuous mode
where a cylindrical drying chamber can be designed with
diameters varying from few centimeters to several meters.
For example, in plug-flow mode, the rectangular drying
chamber can reach 30 m. Another advantage is high thermal
efficiency by accommodating energy supply through inter-
nal heat exchangers or assisted heat sources. This reduces
the air flow, energy in the air exhaust and blower power. The
particles in the bed behave as fluid and allow easy transfer
between drying chambers. Also it allows adjustable particle-
air residence time as necessary to attain the desired and
uniform moisture at specific temperature levels.
1.2 Two stage drying and controlling transport
mechanisms
Atmospheric freeze drying is a new technology that is
currently drawing attention of investigators but the related
literature is still limited [5–7]. The most extensive research
and development work ranging from lab to commercial
scale has been done at the Norwegian University of Sci-
ence and Technology. The present work proposes a new
drying process that consists of two stages: atmospheric
freeze drying and medium temperature drying [8]. The heat
and moisture transport in the first stage atmospheric freeze
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drying is externally controlled due to the particle size,
structure and protein properties. The high initial moisture
in ice-solid phase gives a relative high thermal conductivity
and the small particle diameter implies in negligible
transport resistance within the frozen protein [9]. The
thermal properties for protein are function of moisture and
temperature and these properties are given for temperatures
below and above the protein initial freeze point [10]. This
data is required for estimation of the dimensionless num-
bers indicating if the governing transport mechanism acts
on the exterior or within the protein particle. Some
advantages of two-stage atmospheric heat pump drying are
continuous operation and low energy use or cost. The
technology is environmentally friendly and produces dried
particles with high quality and pre-defined properties [11].
The drawback is insufficient pilot scale experimental data
and lack of realistic models for proper commercial sche-
dule of each stage while manufacturing high quality
products at competitive prices.
2 Materials and methods
The protein raw material used in the drying tests was
extracted from fish muscle. The initial composition was
14.7% of myosin, 0.3% of fat and 85% of moisture. Myosin
is an important group of motor proteins of eukaryotic tis-
sues that is responsible for mobility. Enzymatically
hydrolysed from fish the protein extracts were diluted with
deionized water and filtered through 0.2 lm pore size
membrane and distributed into vials for analysis. The dry
matter content was determined by a Mettler PM 200
moisture meter (Mettler instrument, Switzerland) and the
water activity was evaluated by an AquaLab instrument
(Decagon Devices Inc., USA).
The drying experiments were conducted with protein of
homogeneous initial moisture fraction of 0.82 kg/kg and
batches varying from 2 to 4 l. The experiments were done
using the two stage laboratory fluidized bed heat pump
dryer illustrated in Fig. 1.
The first stage fluidized-bed atmospheric freeze drying
of protein was done by controlling the inlet air velocity at
1.5 m/s and temperature and average relative humidity at
-5C and 25%. The kinetics for this stage is a straight line
resulting from the graph of the moisture content versus
residence time. This suggests that the single or first stage
atmospheric freeze drying occurs in the constant drying
period where most water is removed from the surface of
protein particles [12].
The second stage fluidized-bed drying was done con-
trolling the inlet air temperature at 25C. The water
removal in this stage sharply increases and the kinetics of
moisture content versus time follows the exponential decay
function [13]. This indicates that the second stage drying
takes place in the falling rate period where moisture
diffusion occurs within the particle.
3 Mathematical modeling
Computational heat transfer and inviscid fluid flow math-
ematical models are solved by space marching methods
through generated grids for laminar and turbulent regimes
and for very small and low Mach numbers [14]. However,
the authors simplified the procedure by not including mass
transport. Two dimensional heat and mass transfer is
modeled for a infinite semi-cylindrical shaped porous
media for low Reynolds numbers and temperature between
100 and 300C [15]. Yet, no consideration is made for low
temperatures and particularly on mass transport during
sublimation.
A diversity of mathematical and numerical formulations
has been incorporated in models and computer fluid
dynamics programs with the purpose of describing fluid-
ized bed drying [16]. Additionally, the model results have
been compared with data from laboratory measurements.
There are basically five main classes of models for fluid-
bed drying. The diffusion model predicts transient moisture
profile by considering the whole drying process as fully
controlled by particle internal resistance to transport. The
kinetic model has constant and the falling rate periods and
the mass diffusivity and drying rate are different for each
period since external and internal transport resistance
governs each period. In the one phase model the heat and
mass balances apply over the continuum representing the
Fig. 1 Laboratory scale two-stage dryer with detail on the heat pump
components, drying chamber and channel
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fluidized bed [17]. The fluid-bed in the two phase model
has dense and bubble phases and heat or mass balances are
applied to each phase. The fluid-bed in the three phase
model has bubble (dilute), interstitial and a solid phases.
This work focuses the diffusion and kinetic models applied
for numerical prediction of moisture removal in protein
atmospheric drying with phase change by sublimation and
evaporation. Experimental data is obtained for different
conditions, the governing mathematical equations are for-
mulated and numerical method applied to predict the pro-
tein drying kinetics.
Further description is now given for the diffusion and
kinetic models since they are applied for modeling the
currently proposed two stages atmospheric freeze and non-
freeze fluidized bed drying.
The first stage atmospheric freeze drying of protein is a
class of external heat and moisture transport problem due
to dimension and properties of the protein particle. The
high initial moisture in ice-solid phase gives a relative high
thermal conductivity and the small particle size implies
negligible thermal and mass transport resistance within the
protein particle. A process with Biot number \0.1 is con-
sidered governed by external transport. The calculation of
dimensionless numbers requires the material properties and
knowledge of air flow and drying conditions. Table 1 gives
the thermal properties for protein with a moisture fraction
of 0.81 at temperatures between -5 and 40C. Also, the
plots in Figs. 2 and 3 indicate that the protein property
varies with its temperature.
When the material and air properties are known for
given air velocity and temperature it is straightforward to
establish whether or not the transport process is governed.
For instance, based on the tabulated protein properties, for
air at -5C and velocity within the fluidization range, the
convective process is externally controlled when the heat





 h  0:1 ð1Þ
This Biot number is determined by first estimating the
convective heat transfer coefficient during atmospheric
freeze drying. In this case the correlation proposed by
Alves-Filho and Efremov [18] is
h ¼ C  r  ﬃﬃﬃﬃﬃﬃﬃﬃﬃu  qp ð2Þ
where u is the air velocity, q is air density, r is the latent
heat of vaporization of the protein-ice fraction and C is a
constant.
The heat and mass transfer relevant dimensionless
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D
, Fom ¼ DDx2t , Sh
¼ aþ bRecScc ¼ Dx
D
 hm ð4Þ
The moisture transport between the protein particles and
air in the first stage fluidized-bed atmospheric freeze drying
can be described by a linear mass-transfer equation as
follows
Table 1 Thermal properties of protein
t (C) q (kg/m3) k (W/mK) Cp (kJ/kg K)
-5.0 1,004 1.185 24.227
-0.7 1,041 0.050 3.740
9.3 1,040 0.516 3.739
25.3 1,038 0.539 3.744
29.3 1,037 0.544 3.746
40.0 1,034 0.553 3.749
Fig. 2 Protein specific heat versus temperature
Fig. 3 Protein thermal conductivity and temperature
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The mass-transfer coefficient time interval is expressed
by
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The particle moisture transport in the second stage
drying process is assumed to be controlled by internal
resistance. Thus, a diffusion model is applied to predict the
moisture content profile and history in the particles. This
model is a solution of Fick’s second law of diffusion for
spherical particles and the effective mass diffusivity is
constant and the shrinkage is neglected. This fluidized bed
drying model is simple and provides an accurate prediction
of measurements by fitting well the experimental data.
Diffusion model is given in Eq. 8. It expresses moisture
content in term of drying time and moisture content history
can be predicted from this equation if moisture diffusivity
is known.
Thus, the second stage drying is governed by internal
moisture transport and the kinetics follows the Fick’s















The porous dried particles leaving this stage are mostly














The initial conditions are
t ¼ 0; 0 1 r; X ¼ X0 ð10Þ
And the boundary conditions are:
t [ 0; 1 ¼ 0; dX
dl
¼ 0 ð11Þ
t [ 0; 1 ¼ r; X ¼ Xeq ð12Þ
The transformation of the numerical solutions of Eqs. 9,


















 Xnþ1j1 ¼ Xnj ð13Þ
And simplification leads to
aj  Xnþ1jþ1 þ bj  Xnþ1j  cj  Xnþ1j1 ¼ Xnj ð14Þ
where






bj ¼ 2D  dt
h2
þ 1 ð16Þ






Now considering that the protein moisture content at
step j - 1 depends on the moisture content on the step j,
the moistures in the steps can be related by
Xnþ1j1 ¼ aj1Xnþ1j þ bj1 ð18Þ
Substitution of Eq. 18 into Eq. 14 yields
aj X
nþ1








bj þ cjaj1 ð20Þ
4 Results and discussion
Table 2 shows the mass transfer coefficients and mass
diffusivities determined by fitting the equations to the
experimental data and subsequently incorporated in the
models for prediction of the porous material kinetics. The
measured data points and predicted drying kinetic curves
obtained by the proposed models for all runs are shown in
Figs. 4, 5, 6, 7. The plots of the continuous curves are
obtained by the models and the measured values are rep-
resented by points.
Figure 4 shows the comparison of moisture content
versus time predicted by model and the experimental data
points for Run 1. The first stage atmospheric freeze drying
was done with air temperature at -5C for 2 h and the
second stage done with air at 25C. It is observed that in
the first stage moisture fraction drops from 0.85 to 0.72 in
Table 2 Mass-transfer coefficients and mass diffusivity
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linear trend during the 2 h and from 0.72 to 0.13 in an
exponential decay trend in second period of 2 h.
The moisture content versus time obtained by the
models and the experimental data points for Run 2 is
shown in Fig. 5. The first and second stages were made
with air temperatures of -5C for 3 h followed by 25C for
2 h. The moisture fraction drops from 0.85 to 0.70 and
from 0.70 to 0.06 for each stage. There is higher moisture
removal in the second stage of Run 2 than for Run 1 and
the curves trends are linear and exponential for each stage.
Figure 6 shows the plot for the predicted and measured
moisture content versus time for Run 3. The first stage was
done at -5C during 6 h while the second stage was done
for 2 h. The first stage moisture fraction drops linearly
from 0.85 to 0.50 and the second stage drops exponentially
from 0.50 to 0.05. The water removal in the first stage is
larger than for the previous runs due to longer residence
time in Run 3 while the removal in the second stage was
similar to Run 2.
Figure 7 shows the moisture content versus time
obtained by the model and the experimental data points
for Run 4. This run was made in single atmospheric
freeze drying stage with air temperature of -5C for 8 h.
Following a linear trend the moisture fraction drops from
0.85 to 0.36 during the single stage drying. The overall
moisture removal for Run 4 is much lower than Runs 1, 2
and 3, which used higher temperature in the second stage
drying.
The deviation between model predictions and experi-
mental data for all runs had a maximum value of 4%. This
allied to the plotted results indicate that the proposed
equations and models well describe the kinetics of protein
in single and two-stage fluidized-bed atmospheric freeze
drying of protein particles
5 Conclusions
Comparison of predictions and experimental data for all
runs and a maximum value of 4% indicate that the equa-
tions and models well describe the kinetics of protein in
single and two-stage fluidized-bed atmospheric freeze
drying.
The results from the kinetic and diffusion models provide
crucial information for design and performance of two-stage
protein drying by sublimation and evaporation while pro-
ducing high quality products at competitive prices.
The experimental data can be greatly reduced by using
these models that have negligible deviation from mea-
surements. It allows controlling particle-air contact time to
reach uniform final moisture at a given temperature, proper
time schedule for each stage and scale up to commercial
scale.
Fig. 4 Comparison of model-predicted and experimental moisture
content as function of time for protein Run 1 dried in two-stage
Fig. 5 Comparison of predicted and experimental moisture content
versus time for two-stage dried Run 2
Fig. 6 Comparison of modeled and experimental moisture content
and time for protein Run 3
Fig. 7 Comparison of predicted and experimental moisture content
as function of time for protein Run 4 dried in single-stage
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The proposed equations can be modified to accommodate
new experimental data and the diffusion. Therefore, the
kinetic models within the implicit sweep numerical method
can be easily implemented in spread sheets or similar pro-
grams while avoiding user-sealed ‘‘black boxes’’, costly
software and wide general purpose commercial packages.
Open Access This article is distributed under the terms of the
Creative Commons Attribution Noncommercial License which per-
mits any noncommercial use, distribution, and reproduction in any
medium, provided the original author(s) and source are credited.
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